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Description 



[Lignocellulose-based anion-adsorbing 
medium (LAM) and process for making 
and using same for the selective 
removal of phosphate and arsenic 
anionic contaminants from aqueous 
solutions.] 

Cross Reference to Related Applications 

[0001] This application is entitled to the benefit of Korean Patent 
Application serial number KR-10-2003-0064186, filed 
2003 September 16 by applicant Ju Young Kim and enti- 
tled: Manufacturing method of lignocellulose media cou- 
pled with Fe or Al. 
Background of Invention 

[0002] Anionic contaminants in wastewater and other aqueous 

solutions pose significant environmental and health prob- 
lems. For example, excessive levels of phosphate in sea- 



water, freshwater, wastewater and sewage cause undesir- 
able biological effects such as red tides and eutrophica- 
tion. Arsenic in groundwater and mine wastewater threat- 
ens the health and lives of human beings, animals and 
plants when it is consumed. Therefore, there have been 
many efforts to remove these anionic contaminants from 
water. 

[0003] with regard to phosphate removal, it is impossible to cost 
effectively remove this contaminant in cases of non-point 
source pollution, that is, in cases where the polluted water 
is drained from wide areas into rivers and the sea. Non- 
point source pollution streams are typically high volume 
streams with low concentrations of pollutants. 

[0004] For point source pollution, where pollutants originate 

from specific points (e.g. industrial or domestic wastewa- 
ter), current technologies include chemical precipitation, 
biological treatment, MBR (membrane Bio-coupled Reac- 
tor) method, ion exchange and absorption method. 

[0005] The chemical precipitation method is widely used by small 
to medium sized sewage treatment plants to remove 
phosphate. However, at low concentrations, the efficiency 
of phosphate removal is low. Even at concentrations typi- 
cal of domestic wastewater, removal efficiencies are typi- 



cally less than 60 percent. In addition, this method gener- 
ates a large amount of sludge, the disposal of which 
means extra cost. 

[0006] Biological treatment is used by medium to large sized 
sewage treatment plants to remove phosphate. This 
method employs a biological pretreatment prior to the 
addition of coagulation/precipitation chemicals. It suffers 
from similar disadvantages as the chemical precipitation 
method discussed above. 

[0007] The MBR method makes use of ultrafiltration membranes 
in a reactor design that allows for a continuous process as 
opposed to the batchwise precipitations in the methods 
described above. While this reactor technology is much 
more efficient in removing phosphate, it shares with the 
chemical precipitation and biological treatment technolo- 
gies upon which it is based the disadvantage of producing 
concentrated sludge which must be removed from the re- 
actor at intervals. It is also very expensive to install and 
maintain. 

[0008] | on exchange and reverse osmosis methods have been 
suggested as methods to remove arsenic in groundwater 
and mine wastewater. Semiconductor, electronics, and 
dyeing plants use ion exchange resins to remove a variety 



of charged contaminants. Because of the extremely high 
cost and limited capacity, wastewater pretreatment is re- 
quired. This technology is appropriate only for specialized 
industrial purposes, and not for phosphate or arsenic re- 
moval in point/non-point source pollution. Reverse os- 
mosis is similarly unsuited for such applications because 
it is very expensive and difficult to maintain. 
[0009] For the foregoing reasons, there is a need for a means of 
removing anionic contaminants from aqueous solutions 
that is both highly efficient and cost-effective over a 
broad range of applications. 
Summary of Invention 

[0010] jhe present invention is directed to a lignocellulose- 

based anion-adsorbing medium (LAM) and its processes 
for synthesis and use that satisfy this need. 

[0011] | n one aspect of the present invention, a process for mak- 
ing the lignocellulose-based anion-adsorbing medium 
(LAM) with a positive charge is disclosed, comprising the 
steps of (a) dissociating cations selected from the group 
consisting of Fe and Al (or other divalent or trivalent 
cations with similar reactivity) from their counterions by 
adding a chemical compound containing said cations to 
water and acidifying; (b) pelletizing a lignocellulose; (c) 



adsorbing the cations to the lignocellulose having hy- 
droxyl groups (-OH) by bringing the lignocellulose into 
contact with the solution of step (a) and incubating; and, 
(d) replacing hydrogens (H) of the hydroxyl groups of the 
lignocellulose with the cations to produce the LAM with a 
positive charge by incubating the lignocellulose of step (c) 
with an alkaline fixing agent. 

[0012] | n one version of the process for making the LAM, the an- 
ionic cations are Fe or Al. 

[0013] Alternatively, instead of the lignocellulose being pelletized 
prior to the absorbing step (c), the LAM may be manufac- 
tured first using unpelletized lignocellulose, and the LAM 
itself subsequently fashioned into pellets. 

[0014] | n another aspect of the present invention, a process for 
treating a contaminated aqueous solution to remove one 
or more anionic contaminants therefrom is disclosed and 
comprises contacting the contaminated aqueous solution 
with a lignocellulose-based anion-adsorbing medium 
(LAM), made according to the process herein disclosed, 
and recovering a treated aqueous solution with reduced 
anionic contaminant content. The anionic contaminants 
may consist of phosphate, arsenic or other anionic con- 
taminants. This process may further include regenerating 



the LAM after its contact with the contaminated aqueous 
solution by treating the LAM with an alkaline solution to 
remove the one or more anionic contaminants from the 
LAM and subsequently neutralizing the LAM with an acid 
to prepare it for reuse. 

[0015] | n one version of the method for using the LAM, the anion 
contaminants are phosphates or arsenic. 

[0016] The reader is advised that this summary is not meant to 
be exhaustive. Further features, aspects, and advantages 
of the present invention will become better understood 
with reference to the following description, accompanying 
drawings and appended claims. 
Brief Description of Drawings 

[0017] For a better understanding of the present invention, refer- 
ence may be made to the accompanying drawings, in 
which: 

[0018] Figure la depicts a cellulose reacted with Fe to form a 

LAM in which the Fe replaces the hydroxyl H of the cellu- 
lose; 

[0019] Figure lb depicts a cellulose reacted with Al to form a 

LAM in which the Al replaces the hydroxyl H of the cellu- 
lose; 

[0020] Figure 2a depicts a lignin reacted with Fe to form a LAM in 



which the Fe replaces the hydroxyl H of the lignin coating; 

[0021] Figure 2b depicts a lignin reacted with Al to form a LAM in 
which the Al replaces the hydroxyl H of the lignin coating; 

[0022] Figure 3a presents the results of the adsorption experi- 
ment described in Example 6 using non-pelletized media; 
and, 

[0023] Figure 3b presents the results of the adsorption experi- 
ment described in Example 6 using pelletized media. 
Detailed Description 

[0024] overview. 

[0025] The composition of the present invention is a lignocellu- 
lose-based anion-adsorbing medium (LAM) that can be 
used to remove anionic contaminants such as phosphate, 
arsenic or the like from aqueous solutions in a highly effi- 
cient and cost-effective manner. The capacity of the LAM, 
i.e. the amount of contaminant removed per mass of me- 
dia, exceeds that of existing technologies. The efficiency 
of removal, i.e. the level to which contaminants" concen- 
trations can be lowered, is superior to competing tech- 
nologies. Sludge is not produced. The LAM can be regen- 
erated and reused multiple times. Further, the LAM is 
manufactured by a simple and inexpensive process from 



lignocellulose, a safe and harmless natural material that is 
readily available at a very low cost. 
[0026] The present invention discloses a process for making the 
LAM such that it will effectively and selectively remove an- 
ionic contaminants (e.g., phosphate and arsenate) from 
aqueous solutions (e.g., drinking water, sea water, fresh- 
water, sewage, groundwater, and mine wastewater). Lig- 
nocellulose is commonly defined as a combination of 
lignin, cellulose and hemicellullose that strengthens plant 
cells. The term lignocellulose as it is used herein refers 
broadly to plant tissue, both woody tissues such as aspen 
and pine wood, and nonwoody tissues such as cotton and 
kenaf; to the main chemical constituents of plant tissue, 
such as cellulose, hemicellulose, starch, sugars, and 
lignin; and to products, preparations, and byproducts that 
contain the above referenced chemical constituents or 
their reaction products, such as paper, dextran, rayon, 
and pulping waste liquors. The lignocellulose is chemically 
modified so as to bestow it with a high density of positive 
charges. This is achieved by replacement of the hydroxyl 
hydrogens (H) of the lignocellulose with positively charged 
chemical moieties such as iron (Fe), aluminum (Al), cal- 
cium (Ca) or other divalent or trivalent cations with similar 



reactivities which may include, e.g., Mg, Mn, Mo, Co, Ni, 
or Zn. 

[0027] one implementation of the invention is realized as fol- 
lows. A chemical compound containing Fe or Al is added 
to water and the Fe or Al is dissociated from its counte- 
rion by adding acid. Next, lignocellulose is added to the 
above solution, where it adsorbs Fe or Al. Finally, an alka- 
line fixing solution or fixing gas is used to catalyze the 
chemical replacement of lignocellulose"s hydroxyl H with 
Fe or Al. The result is a positively-charged lignocellulose- 
based anion-adsorbing medium (LAM). 

[0028] The adsorption capacity of the LAM manufactured by this 
invention is greater than that of currently used media. In 
addition, the effectiveness and efficiency of anion con- 
taminant removal by use of LAM is greater than that ex- 
hibited by other current technologies that are not media- 
based. Further, the LAM is highly selective for arsenic and 
phosphate. For example, LAM can be used to effectively 
remove arsenic in groundwater and mine wastewater, and 
phosphate in seawater, freshwater, and sewage. Further, 
by the regeneration process described herein, LAM can be 
regenerated to its original adsorption capacity and used 
for many adsorption-regeneration cycles, leading to great 



cost effectiveness. 
[0029] Detailed description process for making LAM. 

[0030] This invention provides a process for making a lignocellu- 
lose-based anion-adsorbing medium (LAM) by which lig- 
nocellulose is chemically modified so as to bestow it with 
a high density of positive charges. This is achieved by re- 
placement of the hydroxyl hydrogens (H) of lignocellulose 
with positively charged chemical moieties. For the sake of 
simplicity, the following describes the steps for achieving 
this for the specific cases in which LAM is manufactured 
using Fe or Al; however, it should be noted that similar 
results may be obtained by use of other positively charged 
chemical moieties such as, e.g., Mg, Ca, Mn, Mo, Co, Ni 
and Zn. 

[0031] The steps by which a lignocellulose-based anion-ad- 
sorbing medium (LAM) with a positive charge is manufac- 
tured are, (a) dissociating cations from their counterions 
by adding a chemical compound containing said cations 
to water and acidifying; (b) pelletizing a lignocellulose; (c) 
adsorbing the Fe or Al cations to a lignocellulose having 
hydroxyl groups (-OH) by bringing the lignocellulose into 
contact with the solution of step (a) and incubating; and, 
(d) incubating the treated lignocellulose from the adsorb- 



ing step (c) with an alkaline fixing solution or gas that 
catalyzes the replacement of hydrogens (H) of the hy- 
droxyl groups of the lignocellulose with Fe or Al cations to 
produce the LAM with a positive charge. 
[0032] ( a ) Dissociating cations from their counterions by adding a 
chemical compound containing said cations to water and 
acidifying. 

[0033] a chemical compound containing Fe or Al (or other diva- 
lent or trivalent cations with similar reactivity which may 
include, e.g., Ca, Mg, Mn, Mo, Co, Ni, Zn or the like) is 
added to water. Some examples of chemical compounds 
containing Fe or Al are: Fel 2 , FeCI 2 , FeCI 3 , FeBr 2 , FeBr 3 , FeF 
. FeF FeSO Fe (SO ) . Fe(NO ) FePO All , AICI , AlBr 
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, AIF , AISO , Al (SO ) , AI(NO ) , AIPO and the like. This 
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solution is acidified to the extent required to dissociate Fe 
or Al and to maintain them in the dissociated form. The 
concentration of Fe or Al and corresponding volume em- 
ployed is chosen by reference to considerations well- 
known to those skilled in the art of chemistry to ensure 
that a sufficient but not overabundant amount of Fe or Al 
will be adsorbed onto the lignocellulose added in the ad- 
sorbing step (c) to bring about an efficient coupling reac- 
tion in step (d). For example, FeCI or AICI at 0.01 3.0 M 



(molar concentration) dissociated by addition of acids 
such as HCI, H SO , HNO , and so on at 0.1 1.0 N (normal 
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concentration) are effective conditions. 
[0034] (b) Pelletizing a lignocellulose. Pelletized LAM may be 
made from pelletized lignocellulose media. In that case, 
the lignocellulose is pelletized prior to use at the adsorb- 
ing step (c). 

[0035] Pellets may be manufactured from a variety of lignocellu- 
loses, including wood, cotton fiber, liquified cellulose, and 
other lignocellulosic materials. For example, pelletized 
lignocellulose media may be produced by rolling a sheet 
of paper tightly until it makes a stick of proper diameter 
and pasting the end of the paper with a non-toxic, insolu- 
ble glue. The rolled paper stick may then be cut into suit- 
able lengths. In this way pelletized lignocellulose media of 
various diameters and lengths may be made. 

[0036] | n another version, pellets may be constructed from cot- 
ton strings. The string is cut into suitable lengths, and a 
non-toxic insoluble glue is used to seal the cut ends and 
prevent unraveling. Because cotton contains fats that may 
interfere with the LAM-manufacturing process, pretreat- 
ment to remove these fats should be performed. Fats may 
be removed by treatment with an organic solvent or by 



boiling in water or in a slightly acidic aqueous solution. 

[0037] | n another version, pellets may be derived by milling nat- 
ural lignocelluloses, e.g. corn cobs, and screening to ob- 
tain an appropriate size distribution of pellets. Natural 
pellets must be prewashed to remove easily leached com- 
ponents (hemicelluloses, soluble lignin, free sugars, etc.) 
prior to their use in the manufacture of LAM. Although 
these leachable components are in general non-toxic, 
they would interfere with the coupling of Fe or Al to non- 
leachable sites by competition and by physically blocking 
access to these sites. 

[0038] The exact process whereby a LAM is manufactured from 
lignocellulosic pellets will vary depending upon the physi- 
cal characteristics of the pellet. For example, to achieve 
optimal penetration of Fe or Al (step (c), below), incuba- 
tion time must be varied inversely with pellet porosity. In 
addition, less porous pellets may demand higher vacuums 
for adequate penetration. Because of the demanding ki- 
netics of the fixation step (step (d), below), incubation 
time of fixation may not be substantially varied; therefore, 
proper vacuum or pressure conditions (see step (d), be- 
low) are important. 

[0039] The reader should note that, as an alternative to convert- 



ing lignocellulosic pellets to LAM, it is possible in some 
cases to first convert the lignocellulose (unpelletized) to 
LAM and subsequently to generate the pellets out of the 
LAM product. For example, paper (in unpelletized form) 
may be first converted to LAM and then the LAM product 
subsequently pelletized by the process described above 
for pelletizing lignocellulose. Likewise, cotton fibers 
(unpelletized) may first be converted to LAM and the LAM 
product subsequently pelletized. This approach may obvi- 
ate somewhat the problems discussed above with regard 
to achieving optimal penetration into the pellet. 

[0040] ( c ) Adsorbing the cations to a lignocellulose having hy- 
droxyl groups (-OH) by bringing the lignocellulose into 
contact with the solution of step (a) and incubating. 

[0041] Lignocellulose is added to the above solution and incu- 
bated for a sufficient time to allow it to adsorb adequate 
quantities of Fe, Al, Ca or other cations used. As an alter- 
native to dipping the lignocellulose into a vessel contain- 
ing treatment solution, the solution may be applied by 
spraying it onto the lignocellulose. This can be very effi- 
cient when spraying occurs at high pressure. A vacuum 
treatment may also be employed at this step to facilitate 
penetration of the reagent into the lignocellulose matrix. 



[0042] Vacuum treatment may be employed to remove pockets of 
gas from the lignocellulose undergoing treatment. These 
air pockets could otherwise block access of Fe or Al from 
many potential sites of attachment. The high capacity of 
LAM is based upon the even distribution of cations (i.e., 
Fe, Al, Ca or others) at a molecular level by virtue of the 
even distribution of the hydroxyl groups of lignocellulose. 
Therefore, an optimized vacuum treatment is important. 
The strength and duration of the vacuum treatment de- 
pend upon the physical characteristics of the lignocellu- 
lose undergoing treatment. For example, if the lignocellu- 
lose is in the form of a thin sheet of material, e.g. paper, 
then a brief treatment under low vacuum is sufficient, 
whereas if the lignocellulose is in a hardened pelletized 
form, more substantial treatment is required. 

[0043] a wetting pretreatment with a water-miscible solvent 
whose surface tension is less than that of water, e.g 
methanol, ethanol, etc., may be performed on the ligno- 
cellulose prior to addition of the Fe or Al solution and ap- 
plication of vacuum. The lower surface tension of the 
prewetting solvent results in the formation of smaller air 
bubbles which more readily outgas. During incubation, a 
two-step process results in the nano-scale distribution of 



the Fe or Al. First, air bubbles are removed by the vacuum 
treatment. Second, the wetting solution is displaced by 
diffusion and dilution into the far larger aqueous treat- 
ment solution, bringing the Fe or Al into contact with the 
lignocellulosic hydroxyl groups. Alternatively, the surface 
tension of the treatment solution itself may be minimized 
by inclusion of a surfactant. 
[0044] | n some cases, vacuum treatment may not be required, 
but may be replaced with other treatment regimes which 
likewise have the effect of displacing trapped gases from 
the lignocellulose. Examples of alternative treatments in- 
clude, e.g., prewetting alone, heating, boiling, sonication, 
pressurization, etc. Following this incubation step, the lig- 
nocellulose is typically dried prior to performance of step 
(d). 

[0045] (d) incubating the treated lignocellulose from the adsorp- 
tion step (c) with an alkaline fixing solution or gas that 
catalyzes the replacement of hydrogens (H) of the hy- 
droxyl groups of the lignocellulose with cations to pro- 
duce the l_AM with a positive charge. 

[0046] a fixing solution or fixing gas is used to catalyze the 

chemical replacement of lignocellulose"s hydroxyl H with 
cations (i.e., Fe, Al, Ca or others). An alkaline solution 



such as NaOH, KOH, Ca(OH) 2 or NH 4 OH may be used for 
this purpose. For example, fixation may be achieved by 
incubation for 0.1 to 60 minutes, typically 0.2 5.0 min- 
utes, in a solution of NH OH at 1.0 8.0 M. 
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[0047] a vacuum treatment may be employed to facilitate pene- 
tration of the solution into the lignocellulose matrix. Un- 
reacted Fe or Al is removed from the LAM immediately af- 
ter the prescribed incubation period by rinsing with water. 

[0048] The considerations regarding use of a vacuum treatment 
are identical to those discussed above for the adsorbing 
step (c); however the kinetics of the fixation reaction pose 
additional technical difficulties. The step (d) treatment 
differs from the step (c) treatment in that the duration of 
incubation of the former must be carefully controlled. If 
the incubation period is too short, the coupling of the 
cations (Fe, Al, Ca or others) to the lignocellulosic hy- 
droxyl groups will be incomplete, and a LAM of subopti- 
mal capacity will be generated. If the incubation period is 
too long, excess cations (Fe, Al, Ca or others) will floccu- 
late or participate within the lignocellulose matrix and 
block access to the molecularly dispersed cations (Fe, Al, 
Ca or others) that constitute the active removal sites, like- 
wise resulting in a LAM with suboptimal capacity. 



[0049] These demanding kinetics are the reason a treatment to 
dry the lignocellulose at the conclusion of the adsorption 
step (c) may be required. The rapid penetration of the fix- 
ing solution into the lignocellulose matrix is facilitated by 
the wicking properties of dried lignocellulose. For the case 
of wet lignocellulose, penetration must occur by diffusion, 
which may be too slow to bring the treatment into contact 
with all relevant sites within the narrow optimized time- 
frame required. For these reasons, a drying treatment is 
typically performed at the conclusion of the adsorption 
step (c). 

[0050] As an alternative to incubation with an alkaline solution, 
fixation may be achieved by incubation with an alkaline 
gas. For example, fixation may be achieved by incubation 
for 0.5 to 120 minutes, typically 2 to 10 minutes, with NH 
4 <DH gas at 1.0 8.0 M. A drying treatment is typically per- 
formed at the conclusion of the adsorbing step (c); other- 
wise, penetration would be limited by the rate of dissolu- 
tion of the active agent into the wet matrix. Typically, a 
pressure treatment to facilitate optimal penetration of the 
fixing gas into the lignocellulose matrix is employed. 

[0051] The fixing reaction is quenched by addition of an excess 
of water. Excess Fe or Al that was not fixed to the ligno- 



cellulose is washed out by rinsing with water. The LAM is 
then ready for use in the removal of anionic contaminants. 

[0052] By wav 0 f illustration, the reactions of Fe and Al with cel- 
lulose are diagrammed in Figures la and lb respectively. 
The hydroxyl hydrogens of cellulose are replaced with Fe 
or Al to form -OFe or -OAI moieties. Hemicelluloses may 
be modified in similar fashion. Because of the extremely 
dense arrangement of hydroxyl groups in cellulose and 
hemicellulose, the reaction generates a solid substrate 
with an extremely high charge density. 

[0053] The reactions of Fe and Al with lignin are diagrammed in 
Figures 2a and 2b, respectively. In this case, the groups 
subject to modification are phenolic hydroxyls. 

[0054] Examples. 

[0055] The process for manufacturing LAM (Fe form) from non- 
pelletized lignocellulose was optimized as follows. Aque- 
ous solutions of FeCI 3 ranging in concentration from 0.01 
to 3.0 M were prepared. These solutions were adjusted to 
HCI concentrations ranging from 0.1 to 1.0 N. 170 mg pa- 
per (25 x 25 x 1 mm) was added to each solution and in- 
cubated for 0.1 2.0 hours. Paper samples were removed 
from these solutions and dried. Dried paper samples were 
then fixed with 1.0 8.0 M NH OH for 0.1 10 minutes, after 



which the unreacted Fe was removed by rinsing with wa- 
ter. Vacuum treatments were employed during cation 
loading and fixation incubations. 

[0056] The manufacture of LAM (Fe form) from pelletized ligno- 
cellulose was optimized as described above. The pel- 
letized lignocellulose media consisted of a sheet of paper 
tightly rolled and glued into the form of a stick with a di- 
ameter of 2mm and then cut into 5mm long segments of 
about 30 mg each. The rest of the experiment is the same 
as described above except that it used pelletized media 
instead of nonpelletized lignocellulose media. 

[0057] The manufacture of LAM (Al form) from nonpelletized and 
pelletized lignocellulose was accomplished as described 
above, except that aqueous solutions of AICI 3 ranging in 
concentration from 0.01 to 3.0 M were used. 

[0058] Detailed description Process for using LAM. 

[0059] The process for treating a contaminated aqueous solution 
to remove an anionic contaminant such as phosphate, ar- 
senic or the like therefrom, comprises contacting the con- 
taminated aqueous solution with a lignocellulose-based 
anion-adsorbing medium (LAM), wherein the LAM has 
been formed by the steps disclosed above, and recovering 
a treated aqueous solution with reduced anionic contami- 



nant content. The methods may further consist of regen- 
erating the LAM after its contact with the contaminated 
aqueous solution by treating the LAM with an alkaline so- 
lution to remove the one or more anionic contaminants 
from the LAM and subsequently neutralizing the LAM with 
an acid to prepare it for reuse. 

[0060] Contacting the contaminated aqueous solution with a lig- 
nocellulose-based anion-adsorbing medium (LAM), 
wherein the LAM has been formed by the steps disclosed 
above, and recovering a treated aqueous solution with re- 
duced anionic contaminant content. 

[0061] The LAM, in either its pelletized or non-pelletized form, 
may be placed in contact with contaminated aqueous so- 
lutions on both small and very large scales. Once the con- 
taminated aqueous solution comes into contact with the 
LAM, the anionic contaminants (e.g. phosphate or arsenic) 
are retained at the Fe or Al on the LAM. In this way, the 
concentrations of these contaminants in the aqueous so- 
lution are lowered through contact with the LAM. The 
aqueous solution may then be circulated back to its origi- 
nal location, be it a small contained area or a larger body 
of water, or alternatively transferred to an alternative lo- 
cation for a use befitting its cleansed state. 



[0062] The selectivity of LAM for arsenic and phosphate makes it 
extremely useful for the removal of these contaminants 
from waters which may contain a variety of other anions. 
This selectivity is an especially valuable characteristic for 
the removal of, for example, low concentrations of arsenic 
from groundwaters with very substantial levels of anions 
such as, e.g., chloride, sulfate or carbonate. In such a sit- 
uation, the capacity of a nonselective anion-adsorbing 
medium for the target contaminant would be rapidly de- 
pleted by the binding of the competing anions. However, 
the selectivity of LAM is such that these potential com- 
petitors are not bound. Thus, even huge excesses of other 
anions such as, e.g., chloride, sulfate or carbonate do not 
substantially reduce the number of LAM binding sites that 
are available to remove arsenic and phosphate, and there- 
fore remediation of these challenging waters can be 
achieved. 

[0063] Different forms of LAM may be used as appropriate based 
upon the nature of the contaminated solution, the scale of 
the operation, and the availability of technological infras- 
tructure. In the following discussion, capacity refers to the 
mass of a contaminant that a given mass of LAM will ad- 
sorb. Efficiency refers to the percentage of removal of a 



given contaminant by a given configuration of LAM. Note 
that a high capacity does not necessarily translate into a 
high efficiency: a given design could theoretically remove 
large quantities of a contaminant by removing only, for 
example, 50% of the contaminant from a high volume 
treatment stream. For the case of the removal of arsenic 
from drinking water, depending of course on the initial 
concentration of the water to be treated, high efficiencies 
may be required to reduce concentrations to levels safe 
for human consumption. Whereas capacity is a fundamen- 
tal property of a given type of medium, efficiency is influ- 
enced both by the properties of the medium and the de- 
sign of the system employing it. 
[0064] Specific examples of the use of LAM to remove arsenic 

and phosphate from various aqueous media are described 
below. 

[0065] Regarding arsenic removal, a preoxidation step may be of 
benefit for certain treatment streams. Nearly all treatment 
technologies exhibit a greater affinity for arsenic in its 
oxidized state, As(V), than in its reduced state, As(lll). 
However, it is noteworthy that the highly efficient removal 
of even arsenic as As(lll) is achieved by use of LAM. The 
development of other operational parameters, such as pH, 



bed volume, flow rate, etc., will be easily addressed by 
those skilled in the art. 

[0066] LAM may be used to remove arsenic from groundwater, a 
non-point source application. A single-family point- 
of-use system in a technologically advanced setting would 
make use of LAM engineered to optimize capacity and re- 
moval efficiencies. For this situation, a membrane design 
would be optimal. The high head loss across the mem- 
brane could be easily overcome by pressurization. Con- 
taminated water would be forced through small pores in a 
LAM matrix. This configuration maximizes the ratio of 
LAM surface area to treatment stream, thereby maximiz- 
ing capacity and efficiency. Pre-filtration would be re- 
quired to prevent fouling of the LAM system. 

[0067] while such a membrane design could conceivable be used 
to remove arsenic in a small-scale water treatment plant 
as well, the scale of such a system is limited to relatively 
low volume applications because of the high head loss 
across the system. Pelletized LAM would be used in higher 
volume applications. 

[0068] Pelletized LAM is used in a packed bed configuration. The 
size of the pelletized particle is important. Head loss and 
fouling problems are reduced with an increase in particle 



size; unfortunately, medium capacity and efficiency are 
likewise reduced with an increase in particle size. LAM 
beds may be operated in series or in parallel. The former 
configuration increases the efficiency of the system, but 
limits flow rates. Parallel operation increases throughput 
but has no effect on efficiency, unless it makes possible 
an accompanying reduction in the flow rate of the treat- 
ment stream. 

[0069] small particles of LAM (e.g., 1.0 - 10.0 mm) in a static bed 
design would be an appropriate design for water treat- 
ment plants of various sizes. Pre-filtration and pressur- 
ization would be required to prevent fouling and generate 
practical flow rates. Such a design could be used for sin- 
gle-family point-of-use applications as well. 

[° 07 °] Similar designs could also be used to treat point source 
arsenic waste streams such as mining wastes. Here, the 
economic trade-off would be between LAM capacity and 
pre-treatment cost. LAM in a membrane or small particle 
form provides more capacity than large particles would, 
but demands a more rigorous pre-treatment of the waste 
stream. 

[0071] Pelletized LAM of larger particle sizes (ca. 10-30 mm) 
have less capacity, but can be utilized without pre- 



treatment and pressurization. Because of the relatively 
large interstitial spaces in the medium bed, particulates 
pass through with the treatment stream without fouling 
the LAM bed. Further, because of the low head loss across 
such a bed, a gravity feed design is feasible. This configu- 
ration of LAM would be useful in systems to remove ar- 
senic from drinking water in developing countries, where 
in many cases the technologies discussed above are not 
available. A baffled sedimentation tank removes large 
particulates, and water for drinking is gravity fed from this 
tank through a bed of large-particle LAM. Such a design 
could be used for community or single-family systems. 

[0072] An even simpler point-of-use solution for arsenic removal 
is gravity filtration of water for drinking directly into a 
pitcher. A reservoir at whose outlet is placed a cartridge of 
LAM is set atop a collecting vessel. The user then simply 
pours water to be treated into the reservoir and it gravity 
feeds into a pitcher. 

[0073] | n the case of phosphate removal, point sources may be 
treated using designs similar to those described above for 
water treatment plants. In most cases, waste streams of 
extremely high initial phosphate concentrations are first 
pre-treated to reduce these concentrations, and LAM 



would be employed in a final polishing step to further re- 
duce concentrations to acceptable discharge levels. 

[0074] LAM could be used in the treatment of animal waste gen- 
erated by feedlot operations. Initial treatments may con- 
sist of anaerobic fermentation or ditch oxidation, with 
LAM employed to treat the aqueous effluent from these 
processes. Because the discharge requirements for release 
of phosphate into the environment are much less de- 
manding than those for removal of arsenic in drinking wa- 
ter, efficiency is of less importance in this application. 
Therefore, to avoid fouling and reduce technology costs, 
pelletized LAM of relatively large particle size would likely 
be the medium of choice. 

[0075] Large-particle LAM is the medium of choice for remedia- 
tion of urban non-point source phosphate pollution and 
of natural surface waters as well. In the former case, pel- 
letized LAM would be packed into the distribution boxes 
of storm sewers, or installed in other locations in the flow 
path. Under normal conditions of low velocity flow, this 
treatment would substantially lower phosphate levels prior 
to discharge. 

[0076] Remediation of rivers, lakes, and bays present huge prob- 
lems of scale, but such undertakings are nevertheless jus- 



tified when phosphate-driven eutrophication results in 
severe problems. Phosphate removal may be achieved by 
recirculating contaminated water through large static beds 
of LAM. In the case of rivers and bays, where mixing may 
be inadequate to allow for effective treatment by this 
means, the entire area may be exposed to LAM by use of a 
large mesh of LAM suspended from boats. 

[0077] Regenerating the LAM after its contact with the contami- 
nated aqueous solution by treating the LAM with an alka- 
line solution to remove one or more anionic contaminants 
from the LAM to which the anionic contaminants have 
been adsorbed, and subsequently neutralizing the LAM 
with an acid to prepare it for reuse. Though this process 
may be used to selectively remove either phosphate or ar- 
senic contaminants, it should be understood by the reader 
that there will inevitably be some other anionic contami- 
nants (i.e., non-phosphate or non-arsenic) adsorbed as 
well. These other adsorbed anionic contaminants will also 
be removed from the LAM by this regeneration process. 

[0078] The LAM will accumulate anionic contaminants with use. 
Eventually, all available Fe or Al sites will be occupied by 
anions, with the result that no additional anions can be 
removed from the contaminated solution being treated. At 



this point, the capacity of the LAM has been exceeded, 
and break-through of contaminants occurs. 
[0079] Depleted LAM may be regenerated by eluting the ad- 
sorbed anionic contaminants (e.g., phosphate, arsenic 
and/or other anionic contaminants) with an alkaline solu- 
tion and then neutralizing the regenerated LAM with acid. 
Alkaline solutions such as NaOH, KOH, Ca(OH) 2 and NH 
OH, and acid solutions such as HCI, H SO and HNO can 
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be used for this purpose. 

[0080] | n the case of phosphate, elution with NaOH yields a 

"waste" product in the form of an alkaline phosphate fer- 
tilizer, a product with a positive value. Thus, when used to 
remove phosphate, the process is better than a zero dis- 
charge process in that it actually produces a product with 
a positive economic value. 

[0081] | n the case of arsenic, a low volume of highly concentrated 
arsenic is obtained, which must most probably be dis- 
posed of as toxic waste. It is possible that in some cases 
selective desorption treatments may be used to obtain a 
highly purified arsenic solution that would have a positive 
value; however, this may depend upon the characteristics 
of the waste stream. 

[0082] The efficacy of LAM in removing phosphate and arsenic 



from various aqueous media are described below. The de- 
scribed results were obtained by testing Fe-loaded LAM. 

[0083] The ability of LAM to remove phosphorus in the form of 
phosphate from water was tested as follows. 50 mL 
aliquots of water were brought to a concentration of 10.0 
mg/L phosphorus with phosphoric acid and then incu- 
bated with LAM for 24 hours with shaking at 150 rpm. For 
assessment of nonpelletized LAM, a single 170-mg sheet 
was tested. For assessment of pelletized LAM, six 30-mg 
pellets were tested. 

[0084] Batch treatment with nonpelletized LAM resulted in a low- 
ering of the phosphorus concentration in water from 10.0 
mg/L to 0.06 mg/L (>99% efficiency). In addition to 
demonstrating that removal of phosphate to very low lev- 
els can be achieved, this finding also demonstrates that 
the capacity of the LAM employed exceeds 2.95 mg phos- 
phorus per gm LAM. The pelletized LAM treatment low- 
ered the phosphorus concentration in water from 10.0 
mg/L to 0.50 mg/L (95% efficiency), thereby demonstrat- 
ing a capacity of at least 2.64 mg phosphorus per gm for 
the pelletized LAM. 

[0085] The ability of LAM to remove phosphorus as phosphate 
from artificial seawater (Instant Ocean, Synthetic sea salt, 



Nitrate-Free, Phosphate-Free, Aquarium Systems Inc.) was 
tested by the same protocol. Batch treatment resulted in a 
lowering of the phosphorus concentration in seawater 
from 10.0 mg/L to 2.8 mg/L (72% efficiency) by use of 
nonpelletized LAM and to 2.5 mg/L (75% efficiency) using 
pelletized LAM. Given the preponderance of competing 
anions in seawater, this finding demonstrates the selectiv- 
ity of LAM for the targeted contaminant. 
[0086] The ability of LAM to remove arsenic from a complex ma- 
trix in which it is commonly found was assessed. The ma- 
trix chosen was leachate from wood treated with CCA 
(chromated copper arsenic, a common wood preservative). 
CCA leachates contain arsenic in both its As(lll) and As(V) 
oxidation states. The test matrix was generated by ex- 
tracting CCA-treated wood with water and adjusting the 
extract by dilution to give an arsenic concentration of ca. 
10 mg/L. These arsenic solutions were treated with LAM 
as described above for the phosphate tests. Treatment 
with nonpelletized LAM lowered the arsenic concentration 
in the leachate from 10.6 mg/L to 0.05 mg/L (>99% effi- 
ciency) and treatment with pelletized LAM lowered it to 
0.3 mg/L (>97% efficiency). This finding demonstrates 
that removal of arsenic from a complex matrix to very low 



levels can be achieved, and that the capacity of the LAM 
employed exceeds 3.0 mg arsenic per gm LAM. These 
findings are particularly significant with regard to the high 
capacity and efficiency of removal of arsenic in its As(lll) 
oxidation state: in nearly all other treatment technologies, 
removal of As(lll) is much more problematic than that of 
As(V). 

[0087] Commercial adsorbants were tested using the same pro- 
tocols as described above for LAM testing. Results are 
compared to those obtained with LAM in Figs. 3 a and b. 
The reader should note that the true capacities of LAM 
exceed those shown in Figs. 3 a and b by virtue of the fact 
that (with the exception of removal of phosphate from 
seawater) contaminant concentration was the limiting fac- 
tor in the LAM experiments. For the commercial adsor- 
bants, contaminant concentration was in no case limiting; 
therefore, the data shown do represent these adsorbents" 
true capacities. 

[0088] jo determine whether phosphate loaded LAM would leach 
bound phosphate, ca. 175 mg LAM loaded with ca. 3 mg 
phosphorus as phosphate per gram was incubated with 
shaking in 50 ml_ water for 24 hours. No phosphorus was 
detected in the leachate (detection limit = ca. 0.001 mg/ 



L). A similar experiment with arsenic loaded LAM resulted 
in no detectable arsenic in the leachate. The highly irre- 
versible nature of these associations has obvious com- 
mercial implications, among them a utility of LAM in con- 
tinuous flow applications. 

[0089] LAM may be regenerated to its original capacity by a sim- 
ple treatment with alkali. This procedure was demon- 
strated by treating phosphate loaded LAMfor ten minutes 
in NaOH solutions ranging in concentration from 0.01% to 
10.0%. These LAM samples were then rinsed two to three 
times in water and neutralized using IN HNCK The ability 
of regenerated LAM to remove phosphate from water or 
seawater was essentially the same as that reported above 
for LAM that had not been previously used. Similar exper- 
iments with arsenic loaded LAM likewise demonstrated a 
complete restoration of capacity. The number of regener- 
ation cycles that may be used depends on the characteris- 
tics of the lignocellulose used to manufacture the LAM. 
For example, whereas the structural characteristics of pel- 
letized paper LAM were adversely affected by several cy- 
cles of use and regeneration, pelletized cotton LAM ex- 
hibited no such ill effects. 

[0090] All the items discussed above are detailed explanations of 



the invention through examples for illustration only; 
therefore, they do not restrict the invention to themselves. 
Many other variations and modifications of the invention 
will be apparent to those skilled in the art without depart- 
ing from the spirit and scope of the invention. The above- 
described embodiments are, therefore, intended to be 
merely exemplary, and all such variations and modifica- 
tions are intended to be included within the scope of the 
invention as defined in the appended claims. For example, 
lignocellulose may be modified in a similar fashion by use 
of other elemental salts containing Mg, Ca, Mn, Mo, Co, 
Ni, or Zn, in addition to the Fe and Al described above. In 
addition, solid substrates other than lignocellulose may be 
employed, if they contain hydroxyl groups susceptible to 
the replacement reaction described above whereby LAM is 
manufactured. 
[0091] Advantages. 

[0092] The LAM manufactured by this inventon has a greater ab- 
sorption capacity than that of any commercial absorption 
media, and is capable of producing effluents with sub- 
stantially lower concentrations than those achievable by 
commercial media. Further, it is highly selective for ar- 
senic and phosphate, making it practical to use in treat- 



ment of waters with high levels of other anions whose re- 
moval is not desired and which would only serve to de- 
crease the capacity of the LAM. In addition, LAM efficiently 
removes As(lll), which is problematic for nearly all other 
treatment technologies. Potential applications include but 
are not limited to removal of arsenic in groundwater and 
mine wastewater and removal of phosphate in freshwater, 
wastewater and sewage. Not only does LAM provide a 
simple yet effective treatment process for point source 
pollution, its capabilities indicate that it could be used 
with great success to remove phosphate or arsenic in 
cases of non-point source pollution, for which there are 
currently no practical treatment methods. 

[0093] Moreover, LAM may be manufactured from natural materi- 
als such as perennial plants (trees) and annual plants 
(kenaf, rice straw and cotton), completely safe and harm- 
less materials that will not generate secondary pollution. 
Because of the low costs of all manufacturing inputs, and 
of the simplicity of the manufacturing process, LAM is 
very cost effective to produce. Further, because it can be 
simply regenerated to its original absorption capacity and 
used multiple times, its use is made more economical still. 

[0094] closing. 



[0095] The reader's attention is directed to all papers and docu- 
ments which are filed concurrently with this specification 
and which are open to public inspection with this specifi- 
cation, and the contents of all such papers and documents 
are incorporated herein by reference. 

[0096] All the features disclosed in this specification (including 
any accompanying claims, abstract, and drawings) may be 
replaced by alternative features serving the same, equiva- 
lent or similar purpose, unless expressly stated otherwise. 
Thus, unless expressly stated otherwise, each feature dis- 
closed is one example only of a generic series of equiva- 
lent or similar features. 



